To evaluate some of the mechanisms involved in the plasma cholesterol lowering of sitostanol (SI), male Hartley guinea pigs were fed diets containing cholesterol (0´25 g/100 g) and four doses of SI: either 0 (control), 0´75, 1´5 or 2´25 g/100 g. In addition a negative control (2C) group with dietary cholesterol (0´04 g/100 g) was included. Corn oil was used as the source of fat and the contribution of fat energy was 35 %. Plasma total cholesterol was 43, 49 and 53 % P , 0´0001 lower after SI intake compared to the control. Plasma LDL concentrations were 47, 53 and 61 % lower with increasing doses of SI. In addition, intake of SI resulted in 26±42 % lower hepatic total cholesterol. Hepatic esterified cholesterol and triacylglycerols were 32± 60 % and 55±61 % lower after SI intake. SI intake resulted in favourable plasma and hepatic cholesterol concentrations similar to those in guinea pigs fed low levels of dietary cholesterol (2C). The LDL obtained from the control group had a higher number of molecules of free and esterified cholesterol than the SI groups. SI intake resulted in 69±71 % higher cholesterol excretion compared to the control. SI treatment enhanced the total faecal neutral sterol excretion by 54±58 % compared to control and by 70±76 % compared to the (2C) group. These results suggest that SI might have its hypocholesterolaemic effect by reducing cholesterol absorption, which results in lower concentration of cholesterol in liver. This reduction in hepatic cholesterol might possibly alter hepatic cholesterol metabolism and affect lipoprotein concentration and composition.
Elevated levels of plasma cholesterol, particularly apolipoprotein B (apo-B)-containing lipoproteins are well documented as risk factors for cardiovascular disease (Stamler et al. 1986; McNamara, 1992) . Phytosterols, or plant sterols, occur naturally in the non-saponifiable material of plant origin. b-Sitosterol is the most abundant plant sterol. Campesterol, stigmasterol, and dihydrobrassicasterol are found at a much lower concentration and sitostanol (SI) is found in almost negligible amounts in plants (Weihrauch & Gardner, 1978) .
Phytosterols have been shown to reduce plasma cholesterol concentrations in numerous animal (Sugano et al. 1976 (Sugano et al. , 1977 and human studies (Lees et al. 1977; Becker et al. 1993; Pelletier et al. 1995) . For example, oryzanol, a non-saponifiable plant sterol found in rice bran oil decreases cholesterol absorption and aortic fatty streak in hamsters (Rong et al. 1997) while tall oil, which contains 20 % (w/w) sitostanol, lowers plasma cholesterol in both male and female hamsters ). Benecol and soyabean, which contain plant sterols, lower plasma total and LDL cholesterol in humans (Weststrate & Meijer, 1998) . In addition, pure dietary sitostanol has also been shown to decrease plasma total and apo B cholesterol concentrations in golden Syrian hamsters . Interestingly, a gender effect has also been observed. Soyabean-derived phytosterols have been shown to lower plasma cholesterol concentrations more effectively in female hamsters . Rapeseed oil margarines, containing stanol esters have been shown to lower plasma total and LDL cholesterol concentrations in humans by inhibiting cholesterol absorption. In addition, a synergistic effect has been observed when stanol esters were combined with statins (Vuorio et al. 2000) . Furthermore, stanol ester margarines have been included as a dietary treatment for hyperlipidaemia, according to the Finnish guidelines (Vuorio et al. 2000) . SI, the saturated form of phyosterols, is not present in a typical American diet (Weihrauch & Gardner, 1978) . However, studies have shown that SI exerts a more powerful hypocholesterolaemic effect than the other phytosterols (Sugano et al. 1976 (Sugano et al. , 1977 Lees et al. 1977; Becker et al. 1993) . In spite of numerous published data (Lees et al. 1977; Becker et al. 1993; Pelletier et al. 1995) , there are some aspects of cholesterol and lipoprotein metabolism, which have not been fully elucidated.
Several mechanisms are proposed to account for the action of phytosterols on lipid metabolism. These include competitive blocking of cholesterol absorption (Heinemann et al. 1988 (Heinemann et al. , 1993 , increasing bile salt excretion (Salen et al. 1970) , hindering cholesterol esterification (Ikeda & Sugango, 1983) , and displacement of cholesterol from bile salt micelles (Child & Kuksis, 1986) . Numerous studies have documented that phytosterols inhibit cholesterol absorption (Heinemann et al. 1988; Salen et al. 1970; Ikeda & Sugano, 1983; Child & Kuksis, 1986) . The primary mechanism of action of phytosterols is a decrease in cholesterol absorption in the intestine. This probably suggests that important secondary mechanisms are taking place in the liver, as the liver is a major regulator of hepatic cholesterol homeostasis.
These studies were undertaken to evaluate the effects of SI on hepatic lipids and lipoprotein concentration and composition in the guinea pig. We have demonstrated that diet-induced changes in the composition of VLDL and LDL have important metabolic implications, which can explain in part, changes in plasma cholesterol concentrations (Fernandez et al. , 1999 .
Guinea pigs were chosen as the animal model because they transport the majority of cholesterol in the LDL fraction similar to humans (Lin et al. 1994) . In addition, guinea pigs have a hepatic cholesterol pool consisting of more free than esterified cholesterol; the liver contributes to less than 20 % for total cholesterol synthesis, and they have similar responses to dietary interventions .
Materials and methods

Materials
Reagents were obtained from the following sources. Enzymatic cholesterol and triacylglycerol (TAG) kits, cholesterol oxidase, cholesterol esterase and peroxidase were purchased from Boehringer-Mannheim (Indianapolis, IN, USA). Phospholipid and free cholesterol enzymatic kits were obtained from Wako Pure Chemical (Osaka, Japan). Quick-seal ultracentrifuge tubes were from Beckman (Palo Alto, CA, USA) and halothane from Halocarbon (Hackensack, NJ, USA). 5-a cholestane was obtained from Steraloids (Wilton, NH, USA) and petroleum ether and methylene chloride were obtained from Sigma chemicals (St. Louis, MO, USA). SI was provided by Monsanto Company (St. Louis, MO, USA).
Diets
Diets were prepared and pelleted by Research Diets Inc.
(New Brunswick, NJ, USA). A formulation of the five diets is presented in Table 1 . All the diets were identical in composition except for the amount of fat and the inclusion of SI. Diet I was the control diet and had 15 % regular corn oil and 0´25 % cholesterol. Diet II was a low cholesterol diet (0´04 %), the cholesterol equivalent to 300 mg/d in the human situation (Lin et al. 1994) and was used as a negative control (2C). Diets III, IV and V contained 0´75, 1´5 or 2´25 g/100 g of SI. The diets containing SI had slightly less caloric density than the control diets.
Animals
Fifty Male Hartley guinea pigs (Haran Sprague±Dawley, Indianapolis, IN, USA), weighing between 300 and 400 g were randomly assigned to one of the five dietary groups (ten per group). Four groups received SI 0, 0´75, 1´5 and 2´5 g/100 g. The fifth group (negative control) was added to compare the plasma cholesterol lowering of SI treated animals to guinea pigs fed a low cholesterol diet. Two guinea pigs were kept per metal cage and were housed in a light cycle room (light from 07.00 to 19.00) with a temperature of 238C for a period of 4 weeks. The animals had free access to diet and water. Animals were killed by cardiac puncture after halothane anaesthesia and blood was collected to analyse plasma lipids and to isolate lipoproteins for further characterization. Liver was harvested to determine hepatic lipids. To measure the faecal neutral sterols six animals from each group were housed individually for 3 d and food intake was monitored and faeces were collected. Guinea pigs were randomly allocated to five groups. All these animal studies were conducted in accordance with US Public Health Service guidelines. The University of Connecticut Institutional Care and Use Committee approved the experimental protocols. § Fibre is made of a mixture of 10 g/100 g cellulose and 2´5 g/100 g guar gum.
166
T. Ramjiganesh et al.
Lipoprotein isolation
Plasma samples were obtained from blood collected by cardiac puncture from guinea pigs under halothane anaesthesia, with EDTA (1´5 mg/ml) as an anticoagulant. Plasma from each sample (500 ml) was stored at 48C for further analysis and the rest was used for lipoprotein isolation. A mixture of aprotonin (0´5 ml/100 ml), phenylmethylsulfonyl fluoride (PMSF, 0´1 ml/100 ml), and sodium azide (0´1 ml/100 ml) were added to the samples to prevent changes in lipoprotein concentration during isolation. Lipoprotein isolation was done by sequential ultracentrifugation (Redgrave et al. 1975 ) in a LE-8M Ultracentrifuge (Beckman Instruments, Palo Alto, CA, USA). VLDL was isolated at a density of 1´006 g/ml at 125 000 g at 158C for 19 h in a Ti-50 rotor. LDL was isolated in a density range of 1´019±1´09 g/ml in quick-seal tubes at 158C for 3 h at 200 000 g in a vertical Ti-65´2 rotor (Fernandez et al. 1999) .
Plasma and hepatic lipids
Plasma samples were analysed for cholesterol and TAG by enzymatic methods (Allain et al. 1974) . Plasma HDL cholesterol was determined by precipitating the apo-Bcontaining lipoproteins (Warnick et al. 1992 ) with a modification consisting of the use of 2 M MgCl 2 (Fernandez et al. 1999) . Hepatic total and free cholesterol and TAG were determined according to Carr et al. (1993) following the extraction of hepatic lipids with chloroform±methanol (2 : 1). Cholesteryl ester concentrations were calculated by subtracting free from total cholesterol.
Lipoprotein characterization
VLDL and LDL composition were calculated by determining the relative percentage free and esterified cholesterol, protein, TAG and phospolipids in each lipoprotein. Protein was determined by a modified Lowry procedure (Markwell et al. 1978) ; total and free cholesterol by enzymatic methods (Allain et al. 1974) , by enzymatic kits using a glycerol blank (Carr et al. 1993) and phospholipids by an enzymatic method. The number of constituent molecules of VLDL and LDL was calculated on the basis of one apo B per LDL particle with a molecular mass of 412 000 kDa (Chapman et al. 1975) and for VLDL by selective precipitation with isopropanol (Holmquit et al. 1987) . The number of molecules of TAG, free cholesterol, esterified cholesterol and phospholipids were calculated using molecular weights 885´4, 386´6, 645 and 734 respectively (Fernandez et al. 1995) . LDL diameter was calculated according to Van Heek & Zilversmit (1991) .
Faecal neutral sterols measurement
Faecal neutral sterols were measured by the method of Daggy et al. (1997) . Dry faeces (250 mg) were saponified with of 0´3 M KOH (3 ml) and placed in a ReactiTherm heating block for 1 h at 708C. 5-a-Cholestane (25 ml) was added as an internal standard. After 1 h the samples were removed from the heating blocks, cooled at room temperature and poured into a Whatman Autovial Syringeless Filter Device. Petroleum ether (20 ml) and of DI water (2 ml) were added to the filtrate and samples were mixed. A portion of the sample (14 ml) was transferred to another tube and mixed after the addition of another 10 ml of petroleum ether. A portion of this extract (8 ml) was taken, dried under nitrogen, resuspended in methylene chloride (500 ml), transferred into a polypropylene-footed glass GC vial, and analysed by capillary GC in a HP-5 ultra 2 column, 50 m, 0´33 film thickness, 0´32 ID 1:100 split mode. Cholesterol, coprostanol, sitosterol, SI and stigmasterol were quantified by the use of appropriate standards.
Statistical analysis
One-way ANOVA was used to determine the differences among control and SI groups. The Newman±Keuls method was used as a post-hoc test (INSTAT, San Diego, CA, USA). Data are presented as means and SD, and differences were considered significant at P , 0´05X
Results
Effect of sitostanol on plasma lipids
There were no significant differences in body weights among guinea pigs fed the different diets, indicating that all animals consumed similar amounts of nutrients (data not shown). Guinea pigs fed increasing doses of SI exhibited a dose-dependent trend in plasma cholesterol lowering. With 0´75, 1´5 and 2´25 g/100 g SI, plasma cholesterol was lowered by 43, 49, and 53 % respectively P , 0´0001 compared to the control which had no SI and the same amount of dietary cholesterol (0´25 g/100 g; Table 2 ). There were no significant differences in plasma total cholesterol between the SI groups and the (2C) group indicating that sitostanol lowered plasma cholesterol to the same extent as that found in guinea pigs fed low cholesterol diets (Table 2) .
VLDL-C was 37±52 % lower in the SI groups compared to the control. A dose-dependent response was observed in LDL-C lowering. Intake of increasing doses of sitostanol (0´75, 1´5, and 2´25 g/100 g) resulted in 47, 53 and 61 % lower plasma cholesterol respectively P , 0´0001; Table   Table 2 167 Sitostanol and hepatic cholesterol metabolism 2). Moreover the plasma cholesterol lowering at the highest dosage of SI (2´25 g/100 g) resulted in the same levels of plasma cholesterol, as guinea pigs fed relatively low levels of dietary cholesterol (0´04 g/100 g; 2C; Table 2 ). HDL cholesterol levels were unaffected both by SI and dietary cholesterol ( Table 2) .
Effect of sitostanol on lipoprotein composition and size
The number of molecules of free cholesterol in VLDL were lower in guinea pigs fed the highest dose of SI compared to the lower doses (Table 3) . Guinea pigs from the three SI groups and from the (2C) control had higher number of TAG molecules compared to the control. With 0´75, 1´5, and 2´25 g/100 g SI, the number of TAG molecules were 62, 67 and 73 % higher respectively P , 0´001; Table 3 ). Cholesteryl ester and phospholipids were unaffected by SI and dietary cholesterol. VLDL diameter was 35±40 % larger by SI compared to the control P , 0´0005; Table 3 ). Guinea pigs fed from the (2C) group also had a 43 % larger VLDL diameter compared to controls P , 0´001 (Table 3) .
LDL derived from the control animals had a higher percentage of cholesteryl ester P , 0´01 than the other groups (Table 4) . Increasing doses of SI resulted in a decrease in the number of cholesteryl ester molecules by 40±46 % compared to controls. Moreover, SI intake resulted in number of cholesteryl ester molecules, comparable to guinea pigs fed the low cholesterol diet (2C; Table  4 ). SI consumption lowered the number of free cholesterol molecules by 40±50 % and guinea pigs from the (2C) had a 62 % lower number of free cholesterol molecules than the control animals. LDL TAG were unaffected by SI or dietary cholesterol. With 0´75 and 1´5 g/100 g SI, the number of phospholipid molecules were 28 % lower compared to the control (Table 4) .
Effect of sitostanol on hepatic cholesterol pools
SI intake resulted in 26±42 % lower hepatic total cholesterol compared to the control group P , 0´001X Due to the lower amounts of cholesterol in the diet, guinea pigs from the (2C) control group had lower concentrations of hepatic total cholesterol compared to the other four dietary treatments (Table 5 ). Hepatic free cholesterol followed a similar trend to total cholesterol. Guinea pigs in the control group had higher hepatic free and esterified cholesterol than those animals in the sitostanol or the low cholesterol groups (2C). Guinea pigs in the (2C) group had the lowest amount of free cholesterol and SI consumption resulted in lowering of free cholesterol by 23±36 % and 32±60 % esterified cholesterol compared to controls P , 0´001; Table 5 ).
Hepatic TAG was also considerably lowered by SI. SI (0´75 g/100 g) resulted in 55 % decrease while 1´5 and 2´25 g/100 g SI intake resulted in 61 % decrease in hepatic TAG compared to the control (Table 5 ). Guinea pigs in the (C+) group had 87 % lower hepatic TAG than the negative control. In all cases SI treatment resulted in a hepatic lipid profile similar to guinea pigs fed low levels of dietary cholesterol (Table 5) .
Effect of sitostanol on total faecal neutral sterols
There was a significant increase in total neutral sterols by SI intake. At the highest doses of 1´5 and 2´25 g/100 g SI, the amount of total neutral sterols was more than double the control and five times greater than the (2C) group (Table  6 ). The higher amounts of total neutral sterols were mostly accounted for by increases in cholesterol and SI since faecal coprostanol concentrations were not different between SI treatment and control groups (Table 6) .
Faecal SI was negligible in both the (2C) and control groups and a dose-dependent increase in SI excretion was observed, consistent with the intake of increasing doses of SI (Table 6) . 
Discussion
Studies have shown that SI decreases plasma cholesterol in humans (Lees et al. 1977; Becker et al. 1993; Pelletier et al. 1995) and some animal models (Sugano et al. 1976 (Sugano et al. , 1977 Ntanios & Jones, 1999) . However, specific effects of sitostanol on hepatic cholesterol and lipoprotein metabolism have not been fully elucidated. Guinea pigs are good models to study cholesterol and lipoprotein metabolism because of their similarity to the human situation, especially the fact that they transport the majority of cholesterol in the LDL fraction (Lin et al. 1994) . It was therefore of interest to assess how SI influences lipoprotein metabolism in guinea pigs and to evaluate modifications in the intravascular processing of lipoproteins by measuring VLDL and LDL composition and size.
Sitostanol effects on faecal neutral sterols
In the present studies we found increased total neutral sterols in guinea pigs fed the SI diets, which suggests that the main mechanism of action of SI is decreasing cholesterol absorption. In agreement with our data, studies have suggested that SI is totally unabsorbable and decreases cholesterol absorption (Sugano et al. 1976 (Sugano et al. , 1977 . Our results are also consistent with other studies, where hamsters fed 1 % SI showed a decrease in cholesterol concentrations due to a decrease in cholesterol absorption and an increase in faecal cholesterol excretion rate (Ntanios & Jones, 1999) . Subsequent to lowering cholesterol absorption and its excretion in the faeces, an upregulation of the fractional cholesterol synthetic rate was also observed in hamsters (Ntanios & Jones, 1999) .
SI, administered in the form of esterified or nonesterified margarines, has been shown to lower plasma total cholesterol in mildly hypercholesterolaemic subjects (Miettinen et al. 1995) . Rapeseed oil margarines, containing phytosterols have been shown to inhibit cholesterol absorption (Vuorio et al. 2000) . Plant stanol ester feeding in addition to lowering serum cholesterol has also been shown to increase the sterols that reflect cholesterol synthesis and decrease the non-cholesterol sterols that reflect cholesterol absorption (Gylling et al. 1999) . Stanol ester margarines have been shown to lower serum total, LDL and VLDL cholesterol in humans by decreasing the cholesterol absorption efficiency by 68 % (Gylling & Miettinen, 1996) . In addition, consistent with our data, the faecal neutral sterol excretion was increased with the stanol ester margarine consumption (Gylling & Miettinen, 1996) .
There have been several speculations on how SI may affect cholesterol absorption. One theory is related to the structure of the molecules. SI resembles cholesterol and differs just by having an ethyl group at position 24 and a saturated b-ring, which makes the molecule bulkier. This may lead to alterations in the bond angles and affect binding to enzymes and transport proteins (Ntanios & Jones, 1999) .
Phytosterol±cholesterol absorption may be influenced by the total sterol concentration in the oil, in the micellar, as well as solid phase (Mattson et al. 1977) . As a metabolic consequence of lipolysis, free sterol could accumulate in the lumen of the intestine and selectively increase the precipitation of sterols (Ntanios & Jones, 1999) . SI, which is more hydrophobic than cholesterol, and has lower solubility than cholesterol, however, has a high affinity towards bile salt micelles (Wilson & Rudel, 1994) . Thus, SI (Wilson & Rudel, 1994; Heinemann et al. 1988 Heinemann et al. , 1991 Heinemann et al. , 1993 .
There has also been speculation that the differences in the absorption of cholesterol and other plant sterols could also be due to differences in the rates of intracellular esterification within the enterocytes (Wilson & Rudel, 1994) . Studies have shown that free cholesterol is absorbed to a greater extent than the cholesteryl esters (Swell et al. 1955 (Swell et al. , 1960 . All these studies are in agreement that plant sterols decrease cholesterol absorption by different means. Our present studies also found a decrease in cholesterol absorption as documented by the increased faecal neutral sterol concentrations in guinea pigs fed SI.
Sitostanol effects on plasma and hepatic lipids
High dietary cholesterol (0´25 g/100 g) resulted in elevated plasma cholesterol in guinea pigs, consistent with other studies (Fernandez et al. 1992) . In the present study, SI had a significant hypocholesterolaemic effect and a dose± response trend was observed. A recent study by Hallikainen et al. (2000) in which individuals were fed 0´8, 1´6, 2´4 and 3´2 g/d SI did not find a lowering of plasma LDL cholesterol with the lowest dose of SI. Similar to our data, the hypocholesterolaemic responses at the highest levels of 2´4 and 3´2 g/d did not differ. Based on guinea pig average intake of food (30 g/d), the doses in our study were equivalent to doses of 2´25, 3´75 and 7´5 g/d in humans, higher than in the clinical study (Hallikainen et al. 2000) .
SI intake not only affected plasma lipoprotein levels but also had a significant effect on lipoprotein composition. SI intake resulted in an increase in VLDL diameter, with a particle enriched in phospholipids and TAG. Larger VLDL enriched with TAG favour a slower conversion of VLDL to LDL (Nestel et al. 1983) , which could possibly account for the lower plasma LDL cholesterol concentrations observed in guinea pigs fed the SI diets. In addition, the LDL generated from the SI diets was cholesteryl-ester-depleted and smaller in size. Smaller LDL particles, generated by dietary treatments such as polyunsaturated versus saturated fat intake have been shown to have a faster catabolism in guinea pigs (Fernandez et al. 1992 ). This could also be an explanation for the observed lowering of plasma LDL cholesterol with SI intake.
Higher concentration of hepatic cholesterol is associated with increased secretion of VLDL particles (Oshry et al. 1985) . Moreover, when cholesterol is added to the diet the regulatory and ester pools of sterol in the liver are expanded and the activity of the LDL receptor is suppressed (Dietshy et al. 1993) . Intake of SI resulted in lower hepatic free and cholesteryl ester concentrations, similar to guinea pigs fed low cholesterol diets (0´04 g/ 100 g). This decrease in hepatic cholesterol could be associated with up-regulation of hepatic LDL receptors, which would accelerate the removal of LDL from plasma.
In addition, SI intake resulted in significant decreases in hepatic TAG similar to values found with low intake of cholesterol. Lower concentrations of hepatic TAG may be related to less secretion of VLDL (Ginsberg, 1990) . It has been shown in rats that hepatic cholesterol increases hepatic TAG concentration due to a decreased synthesis of carnitine, a situation that promotes fatty acid synthesis rather than directing fatty acids towards b-oxidation (Fungwe et al. 1993) . The lower concentrations of hepatic TAG in guinea pigs fed the SI diets was associated with a lower concentration of hepatic cholesterol in this study. These data suggest that the effects of SI in reducing the delivery of cholesterol to the liver not only affected hepatic cholesterol concentrations but also significantly reduced hepatic TAG. These reductions in TAG and cholesterol, the main components of VLDL, could be associated with decreased secretion of VLDL (Ginsberg, 1990 ) and contribute to the hypocholesterolaemic effects of SI.
Conclusion
We propose that part of the hypocholesterolaemic effect of SI might be related to decreased cholesterol absorption by the mechanisms explained above. This results in less delivery of cholesterol to the liver through the chylomicron remnant, which in turns affects hepatic cholesterol metabolism by decreasing the pools of hepatic cholesterol and TAG and possibly affecting the rate of secretion of VLDL. The secreted VLDL gets transformed into a larger mature VLDL, not readily converted to LDL. Compositional changes in LDL can also be related to enhanced catabolism and there might have been an up-regulation of LDL receptors in the liver from the SI-treated groups due to decreases in the regulatory pool of cholesteryl ester. The combination of these mechanisms contributes to the plasma LDL cholesterol lowering, observed by intake of SI. 
